Pseudomonas aeruginosa produces three different types of bacteriocins: the soluble 2 S-pyocins, and the bacteriophage-like F and R-pyocins. R-pyocins kill susceptible 3 bacteria of the same or closely related species with high efficiency. Five different R-4 type pyocins (R1 to R5) have been described based on their killing spectra and tail 5 fibre protein sequences. We analyzed the distribution of R-pyocin genes among a 6 collection of clinical P. aeruginosa isolates. We found an equal distribution of isolates 7 deficient for R-pyocins (28%) or harbouring pyocin genes of the R1 (25%), R2 (17%) 8 or R5 (29%) type. R-pyocin deficient isolates were susceptible, while R2 and R5 9 producers were mainly resistant to R1, R2 and R5-pyocins. Determination of O-10 serotypes revealed that the R-pyocin susceptible isolates belonged to serotypes O1, 11 O3 or O6, while R-pyocin resistant isolates expressed O10, O11 or O12 serotypes. 12
Serotyping. Isolates were serotyped by slide agglutination using commercial 1 antisera (Biorad) against all 20 serotypes (Habs classification) of P. aeruginosa. 2
Only a small percentage (6%) of isolates was non typable. 3
Genotyping. Isolates were genotyped using the Clondiag P. aeruginosa array 4 according to the manufacturer's instructions (CLONDIAG, Jena, Germany) (28) . The 5 genotypes of most of the isolates have been described previously (11, 28) . 6 7
Results 8
Detection of R-pyocin genes. The genes for the synthesis of R-and F-pyocins are 9 located in two adjacent DNA regions, inserted between the trpE and trpG genes in 10 the PAO1 genome (pseudomonas.com). To obtain information on the sequence 11 conservation of R-pyocin genes, we first compared the 15 R-pyocin protein 12 sequences (PA0614 to PA0628) of PAO1, which produces the R2 type pyocin, with 13 those of PA14 and the Liverpool epidemic clone LESB58 using information from their 14 available genome sequences (pseudomonas.com). The PA14 sequences were >99% 15 identical with those of PAO1 and PA14 was thus considered to also produce an R2-16 type pyocin. The protein sequences for the 15 ORFs from LESB58 were also 17 identical with those from PAO1 and PA14 with the notable exception of PA0620 (87% 18 identity) coding for the tail fibre protein (Fig. 1) . Comparison with the recently 19 reported tail fibre protein sequences of the R1 to R5 types (29) revealed that the 20 amino acid sequence of PA0620 from LESB58 was identical with the R1-type tail 21 fibre protein. An ORF corresponding to the chaperon protein PA0621 was however 22 not annotated for strain LESB58 (pseudomonas.com). A search for ORFs in the 23 intergenic region between PA0620 and PA0622 using ORF-finder revealed a putative 24 protein of 146 amino acids, which showed 43% amino acid identity with PA0621 of 25 on July 13, 2017 by guest http://jb.asm.org/ Downloaded from PAO1 ( Fig. 1 ). This sequence analysis suggests that, PA0620 and PA0621, 1 encoding the tail fibre and the cognate chaperon protein solely define the R-pyocin 2 type, while the sequences of the other ORFs of the operon seem to be conserved 3 among the different R-pyocin types. 4
To assess the distribution of R-pyocin genes among clinical isolates, we chose the 5 initial colonizing isolate obtained from tracheal aspirates of 61 intubated patients 6 hospitalized in 17 European Centres (Köhler et al., submitted and (11) ). Using a 7 multiplex PCR assay, we then screened the 61 isolates for the presence of three 8 pyocin genes: PA0617, PA0628, and either PA0620 or PA0621 based on the DNA 9 sequences of PAO1 (R2-type) (Fig. 1 ). Fourteen isolates (23%) showed no signal for 10 any of these ORFs, suggesting absence of the entire R-pyocin operon. The 11 remaining isolates all showed an amplicon of the expected size for ORFs PA0617 12 and PA0628, but only 13 yielded an amplicon for PA0621 (Suppl. Table. S1). The 13 13 PA0621 positive isolates were classified as R2-type, and the 34 negative isolates 14 were expected to encode a PA0621 gene of a different R-pyocin type. Since the 15 amino acid sequences of the tail fibre (PA0620) and the chaperon (PA0621) proteins 16 from R2-, R3-and R4-types differ by only a few amino acid substitutions, we 17 considered these three pyocins to belong to the same sub-type to which we will refer 18 to as the R2-type. 19
Based on the DNA sequence of the R1 and R5-type pyocin genes (29), we designed 20 two new primer sets located in the variable 3'-terminal region of PA0620 (Table 1) . 21
Among the 34 R2-negative isolates, we could identify 13 isolates carrying the R1-22 type gene and 21 carrying the R5-type gene. Thus all 61 isolates could be allocated 23 to four different groups: one constituted of R-pyocin negative isolates, and three 24 groups constituted of isolates carrying either R1, R2 or R5 type genes (Suppl. (Table 2) . Among these, the most frequent serotypes were O6 (15 isolates in 10 eight centres), O11 (seven isolates in seven centres), O1 (seven isolates in five 11 centres), and O10 (six isolates in four centres) ( R2 and R5 type pyocins, respectively. To assure that the observed lysis zones were 10 due to R-pyocins and not to other lytic activities (F-pyocin, S-pyocin, bacteriophage), 11
we first constructed a deletion in the R-pyocin region in each of the three strains. which was susceptible to all three types of R-pyocin produced by the corresponding 17 wild type strains. Supernatants from these deletion mutants were spotted as a 18 negative control in subsequent experiments. 19
With the exception of isolates 13113 and 27102, all isolates deficient in R-pyocin 20 genes were found to be susceptible to R1, R2 and R5-pyocins ( Table 2 ). All 12 21 isolates harbouring an R1-type gene, were resistant to the R1-pyocin produced by 22 PAK (P<0.001), however 11 were susceptible to R2 (P=0.017) and nine to R5-23 pyocins (P=0.085) ( Table 2) . 24 on July 13, 2017 by guest http://jb.asm.org/
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All isolates harbouring an R2-type gene were resistant to both R1 and R2 (P<0.001), 1 while three out of the eight isolates were weakly susceptible to R5 pyocin. With the 2 exception of two O4 serotype strains and one O15 strain, all R5-type isolates were 3 resistant to the three R-pyocin types (P=0.002). These data clearly demonstrate an 4 association between the O-serotype and the susceptibility to R-pyocins among 5 clinical isolates. establish a close contact with the cell surface. Previous studies have suggested that 10 the core of the LPS might constitute the receptor for R-pyocins, however the putative 11 receptor sites have not been characterized in detail (15) . Using the spot assay, we 12 tested the R-pyocin susceptibilities of defined isogenic LPS-mutants previously 13 constructed in the two reference strains PAK (O6) and PAO1 (O5) (kindly provided 14 by J. Lam, University of Guelph, Canada). As described above, strain PAK was 15 susceptible to R2 and R5-type pyocins but resistant to its own R1-pyocin (Table 3) . In 16 contrast, the B-band deficient LPS mutant wbpP (Table 1) , was susceptible to its own 17 R1-pyocin ( Table 3 ), suggesting that removal of the long B-band LPS molecules 18 makes the binding site accessible to R1-pyocin. We then tested the wbpL mutant 19 (Table 1) of PAK deficient in both B-band and A-band LPS synthesis. This mutant 20 was susceptible to R1 and R5, but resistant to the R2-type pyocin. At a first glance 21 this suggests that the A-band LPS could be involved in R2 pyocin recognition (Fig.  22 2). However, the rmlC mutant (Table 1) Fig 2) is the receptor for the R2-1 pyocin. The second α-Glc residue (* in structure 3, Fig. 2 ), which is accessible in the 2 capped (1 and 2, Fig. 2 ), or uncapped (3, Fig. 2 ), core structures is likely to be the 3 receptor for the R5 pyocin. 4
To confirm these findings we further tested five LPS mutants derived from the O5 5 serotype strain PAO1. Remarkably, while the rmd mutant deficient in the A-band LPS 6 was resistant to all three pyocin types, the wbpM mutant, deficient in B-band LPS 7 synthesis was susceptible (Table 3 ). This suggests again that the long B-band 8 oligosaccharide chains shield the access of the R-pyocins to their receptor sites. As 9 observed for the wbpL mutant of PAK, the PAO1 wbpL mutant was resistant to R2-10 pyocin. WbpL mutants should exist only in the uncapped core form (structure 3, Fig.  11 2), in which the α-Glc residue (♦ in structure 3, Fig 2) , normally exposed in structures 12 1 and 2, is blocked by the L-Rha sugar. When this L-Rha residue was lacking, as in 13 the rmlC mutant, the strain was again susceptible to R2 (Table 3) . Finally, the algC 14 mutant of PAO1 (AK1012), which lacks all the glucose residues of the outer core but 15 retains the inner core structures (structure 4, Fig. 2 ), was completely resistant to all 16 three types of R-pyocins, confirming the involvement of the glucose residues in R2-17 and R5-pyocin recognition. 18
In summary, these results suggest that the long B-band LPS molecules, which 19 determine the serotype of P. aeruginosa strains, may prevent the access of R-20 pyocins to their receptor sites. Moreover the L-Rha residue in the outer core appears 21 to be the receptor for R1-pyocin, and two distinct Glc residues seem to be part of the 22 receptor sites for the R2-and R5-pyocin types. Thus the LPS plays a dual role both 23 as a shield and as a receptor for R-pyocin molecules. 24 R-pyocins and biological warfare. Whether R-pyocins play a role as biological 1 weapons in a clinical context has not been clearly established. Among the 61 2 intubated patients, we identified several patients colonized with two different 3 genotypes. In one of them, we have previously followed the evolution of the two P. 4 aeruginosa populations using genomic DNA preparations isolated from daily tracheal 5 aspirates (11). In this patient the initially dominant clone G had been out-competed 6 by the second clone L after about ten days of co-colonization (Fig. 3A) . We 7 determined the R-pyocin and O-serotype of the two clones. Clone G (isolate from the 8 first day of colonization (D-1)) produced the R1-type pyocin and belonged to serotype 9 O6 (isolate 15101 Table 2 , Fig. 3B ), while clone L (isolate from D7) produced the R2-10 type pyocin and belonged to serotype O16 (Fig. 3B) . We tested the lytic activity in the 11 supernatants from nine isolates obtained from this patient, two belonging to clone G 12 (D-1, D1) and seven to clone L (D7 to D20). When spotted on a lawn of bacteria of 13 the initially dominant clone G (isolate from D-1), lytic activity was observed in all 14 supernatants from clone L isolates (D7 to D20) (Fig. 3B) . In contrast, when 15 supernatants from clone G or clone L isolates were spotted on a lawn of bacteria 16 from clone L (isolate from D7) no lysis was observed. Therefore, whereas clone G 17 was susceptible to the R2-pyocin produced by clone L, this latter in contrast was not 18 only resistant to its own pyocin, as expected, but also to the R1-pyocin produced by 19 clone G (Fig. 3B) . The consistency between these in vitro data and the co-evolution 20 of both clones observed directly in this patient's lungs (Fig. 3A) suggest that 21 biological warfare by R-pyocins might have been responsible for shaping the 22 population dynamics in this patient. 23
Discussion 2
In the present study we have determined the R-pyocin type and susceptibility of P. 3 aeruginosa isolates collected from 61 intubated patients throughout Europe. Our 4 results reveal a surprising association between O-serotypes and R-pyocin 5 production. Pyocin and LPS biosynthesis genes are not genetically linked, thus co-6 evolution between these two entities seems unlikely. As for S-pyocin producers, the 7 R-pyocin producing isolates were resistant at least to their own R-pyocin. While in the 8 case of S-pyocins this immunity is provided by a special chaperon protein, whose 9 gene is genetically linked to the cognate S-pyocin gene (16) , such an immunity 10 protein does not seem to exist for R-pyocins. Indeed, since R-pyocins cause cell 11 lyses after attachment to the cell surface of susceptible bacteria, self-protection can Fig. 2 ). We suggest that isolates expressing O1, O3 and O6 serotypes, 1 possess a low proportion of capped LPS molecules (loose packing). This would 2 provide a rather unhindered access of R-pyocin molecules to their surface receptors. 3
Interestingly, freeze substitution electron microscopy studies on P. aeruginosa cells 4 have shown that PAO1 (O5 serotype, R-pyocin resistant) has a higher proportion of 5 capped LPS than PAK (O6 serotype, R2-R5-pyocin susceptible) (12) . We would 6 therefore expect that O10, O11 and O12 serotype strains, all resistant to the three 7 different R-pyocins tested, would also share a dense LPS packing. Indeed, when 8 PA14 (serotype O10) was grown at 45 ºC, a temperature which prevents expression 9 of B-band but not A-band LPS in PAO1 (13), the strain became susceptible to the R5 10 type pyocin (data not shown). However, we cannot exclude other explanations, 11
including R-type specific interactions with the LPS O-side chains, which probably 12 display different electrostatic properties depending on their sugar composition and 13
additional chemical modifications. 14
The different R-pyocin types recognize different receptor sites that were proposed to 15 be located within the LPS core (15) . Our data using LPS specific mutants of PAO1 Our results further suggest that the α-Glc residues (♦ in structure 3, Fig. 2 ) must be 3 part of the recognition site for the R2-pyocin, while the terminal α-Glc residue (* in 4 structure 3, Fig. 2) is part of the R5 receptor site. Unlike the β-Glc sugar (** in 5 structure 3, Fig. 2) , the terminal α-Glc residue is accessible in all capped and 6 uncapped forms and is therefore more likely to be the receptor of R5-pyocin. 7
Whether the receptor sites are constituted solely by these LPS core sugar residues, 8 or require other structures as for instance outer membrane proteins, remains to be 9
determined. 10
In our clinical collection, we further observed an approximately equal distribution 11 between R-pyocin deficient (28 %), and R1 (25 %), R2 (17 %) and R5 (29 %) 12 producing strains. This could result from the fact that most patients were colonized by 13 a single genotype, limiting the encounter and possible warfare between different 14 clonal populations. However, in one patient colonized by two different genotypes, we 15 observed out-competition of an initially dominant clone by a second clone, producing 16 an R-pyocin to which the initial clone was susceptible. The killing behaviour of these 17 two clones was in agreement with the R-pyocin production and susceptibility profiles 18 established during this study. The population dynamics in this patient therefore 19 illustrates that biological warfare by R-pyocins may play an important role shaping 20 the structure of P. aeruginosa populations during host colonization. 21
Interestingly, the observed in vitro killing of strain PAK (R1, O6) by PA14 (R2, O10) 22 during growth in liquid culture (7) is in agreement with the susceptibility profile 23 established in this study. Pyocins also modulate bacterial populations dynamics in 24 biofilm, in particular under anaerobic growth conditions, which were shown to induce 1 R-, F-as well as S-pyocin genes (27) . 
